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Abstract 

A total of 540 nonlinear steady-state finite element analyses were performed to study the influence of temperature and dimensionless 
geometrical parameters ( β, γ , θ , and τ ) on the ultimate strength, failure modes, and initial stiffness of two-planar tubular KT-joints. The 
joints were analyzed under two types of axial loading and five different temperatures (20 °C, 200 °C, 400 °C, 550 °C, and 700 °C). So far, 
there has not been any equation available for calculating the ultimate strength of two-planar tubular KT-joints at elevated temperatures. Hence, 
after parametric study, a set of design formulas were developed through nonlinear regression analyses, to calculate the ultimate strength of 
two-planar tubular KT-joints subjected to axial loading at elevated temperatures. 
© 2019 Shanghai Jiaotong University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

The presence of multi-planar connections, e.g. two planar
tubular KT-joints studied in the present paper, is an intrin-
sic feature of offshore tubular structures such as jacket-type
platforms and jack-up rigs. These structures are mainly fabri-
cated from circular hollow section (CHS) members due to
their plenty of advantages such as high strength-to-weight
ratio, attractive appearance, rapid erection, low drag coef-
ficient, and easy fabrication [1–3] . In such structures, the
CHS members, also called tubular elements, are connected
together by welding the prepared ends of the braces onto
the undisturbed surface of the chord forming a tubular joint.
As a result of geometric discontinuity and complexity in
stress distribution at the connections, tubular joints require
greater attention than other components to ensure structural
integrity [4] . 

To study the behavior of tubular joints and to relate this be-
havior easily to the geometrical properties of the connection,
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 set of dimensionless geometrical parameters has been de-
ned: β (brace-to-chord diameter ratio), γ (chord wall slen-
erness ratio), θ (brace inclination angle), τ (brace-to-chord
all thickness ratio), and ζ (relative gap). Fig. 1 shows a

wo-planar tubular KT-joint with the geometric parameters for
hord and brace diameters D and d , and the corresponding
all thicknesses T and t . 
Although multi-planar joints cover the majority of practical

pplications, studies on their ultimate strength even at ambient
emperature are rather limited due to the complexity and high
ost involved. Makino et al. [5] tested 20 KK connections and
dentified two failure modes occurring when the connection is
ymmetrically loaded. Paul et al. [6] conducted a parametric
tudy to investigate the static strength of two planar KK joints
nder axial loading; and proposed two equations (one for each
ailure mode) for calculating the ultimate capacity of two-
lanar KK joint at ambient temperature. Lee and Wilmshurst
7,8] conducted a numerical study on the static strength of
K-joints and established a finite element model. Recently,
orti et al. [9] conducted a parametric study on symmetri-
ally loaded multi-planar KK-joints and proposed analytical
xpressions to predict the strength of the joint at ambient
emperature. 
 is an open access article under the CC BY-NC-ND license. 
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Fig. 1. Geometrical notation for a two-planar tubular KT-joint. 
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Mechanical characteristics of the steel material deterio-
ate greatly at high temperature. Hence, at elevated temper-
tures, a tubular joint may fail subjected to a load far be-
ow its static strength at ambient temperature. Consequently,
he entire structure might collapse after the failure of one or
everal tubular joints in fire. Therefore, the study of tubu-
ar joint’s performance at elevated temperatures is a topic
f interest. Following paragraphs review the recent stud-
es on the ultimate strength of tubular joints at elevated
emperatures. 

Ozyurt et al. [10] conducted an extensive parametric study
n static behavior of T-, Y-, X-, N- and non-overlapped K-
oints under axial loading at high temperature. They compared
he results of numerical FE analysis with corresponding val-
es obtained from design formulas proposed by CIDECT de-
ign guide [11] and EN 1993-1-8 [12] through replacing the
ield strength or the elastic modulus of steel material at am-
ient temperature with the corresponding values at high tem-
eratures. Liu et al. [13] investigated the mechanical behavior
ing-stiffened T-joints at high temperature. Yu et al. [14] in-
estigated the influence of the impact load on the mechanical
ehavior of tubular T-joints through experimental investiga-
ion. Xu et al. [15] developed an artificial neural network
o calculate the ultimate strength of tubular T-joints at ele-
ated temperatures. Chen et al. [16] conducted both exper-
mental and numerical investigations to study the fire resis-
ance of CHS T-joints stiffened with internal rings subjected
o axial compression at high temperature. Gao et al. [17] con-
ucted an experimental and numerical study to investigate the
trength of tubular T-joints reinforced with collar plates un-
er fire condition. Fung et al. [18] studied the performance
f circular hollow section T-joints under in-plane loading at
levated temperatures. Shao et al. [19,20] discussed two tech-
iques for predicting the static strength of tubular T-joints and
tudied the static strength for CHS tubular K-joints under fire
ondition. Ozyurt and Wang [21] presented a numerical in-
estigation on the resistance of axially loaded T- and X-joints
omposed of elliptical hollow section (EHS) members at ele-
ated temperatures. 

Some of the more recent works on static behavior of tubu-
ar joints at elevated temperatures include: Azari Dodaran et
l. [22,23] on K- and KT-joints, Lan et al. [24] on stainless
teel gap and overlapped K- and N-joints, He et al. [25–27] on
-joints, Lan et al. [28] on internally crown- and saddle-

tiffened DT-, T-, and Y-joints, Lan and Huang [29] on X- and
-joints, Tan et al. [4] , Shao et al. [30] , Jin et al. [31,32] and
hen et al. [33] on T-joints, and Liu et al. [34] on steel planar

ubular trusses, among others. 
Preceding discussion indicates that the majority of re-

earch works on the behavior of tubular structures at elevated
emperatures have focused on uniplanar joints. However, as

entioned before, the presence of multi-planar joints is an
ntrinsic feature of offshore tubular structures and the multi-
lanarity might have an important effect on the strength of the
oint. Thus for multi-planar connections, the parametric for-
ula of simple uniplanar tubular joints may not be applicable

or the strength prediction at elevated temperatures, since such
ormula may lead to highly over- or under-predicting results.
evertheless, as far as the authors are aware, for multi-planar

oints which cover the majority of practical applications, no
omprehensive study on the strength under fire condition has
een reported due to the complexity and high cost involved. 

Although two-planar tubular KT-joint is a quite common
oint type found in steel offshore structures, the strength of
wo-planar tubular KT-joint at elevated temperatures has not
een investigated so far and no design equation is available
o determine the ultimate strength for this type of joints under
he fire condition. 
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Fig. 2. Material model of steel at high temperatures. 
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In the present paper, results of a numerical parametric in-
vestigation on the structural behavior of two-planar tubular
KT-joints under the axial loading at elevated temperatures are
presented and discussed. A total of 540 nonlinear steady-state
finite element (FE) analyses were performed on 54 FE models
to investigate the influence of temperature and dimensionless
geometrical parameters of the two-planar tubular KT-joint on
its ultimate strength, initial stiffness and failure modes. Di-
mensionless geometrical parameters ( β, γ , τ , α, θ and αB 

),
used to relate the behavior of a tubular joint to its geometri-
cal properties, are defined in Fig. 1 . Developed FE model was
verified against available experimental data reported by Tan
et al. [4] . After the parametric study, a set of design equations
was developed, through nonlinear regression analyses, for cal-
culating the ultimate strength of two-planar tubular KT-joints
subjected to both types of axial loading. 

2. FE strategy 

The FE method as an efficient numerical procedure for
solving problems of engineering and mathematical physics
was adopted in the present research to study the structural
behavior of tubular joints. This section present the details
of modeling the material properties, simulation of the weld
profile, definition of boundary conditions, mesh generation
procedure, analysis method, and validation of the FE results.

2.1. Material behavior 

In the present investigation, the von Mises yield criterion
and isotropic strain hardening plasticity model were applied.
The yield stress of steel material ( f y ) at ambient temperature
was taken 355 N/mm 

2 . The material properties belong to the
steel grade S355 (EN10210 S355J2H). The Young’s modulus
of 206 GPa and Poisson’s ratio of 0.3 were used for modeling
the material of the chord and braces. The high temperature
stress-strain relationship was specified according to EN 1993-
-2 [35] as shown in Fig. 2 . For accurate definition of plastic
ehavior of material by considering the actual (instantaneous)
imensions, true stress and strain should be used. Hence, the
tress-strain relationships were converted to true stress-strain
elationships according to the following formulas: 

 T = ln ( 1 + ε ) (1)

T = σ ( 1 + ε ) (2)

here ɛ T and ɛ are true and engineering strains, respectively;
nd σ T and σ are true and engineering stresses, respectively.

It should be noted that the value of elongation for all types
f steel varies with the temperature. For more information on
he mechanical response of the steel at elevated temperatures
nd extreme cooling conditions, the reader is referred for ex-
mple to Mirmomeni et al. [36] and Azhari et al. [37,38] ,
mong others. 

.2. Weld profile 

The influence of weld modeling on the joint strength
ostly depends on the difference between the actual real pro-

ected gap between the brace toes and the apparent gap be-
ween the weld toes [39] . Therefore, it is important to include
eld modeling for the joints with a small gap size and a large
eld size, as the large weld could notably decrease the small
ap size [24] . In addition, Fung et al. [40] studied the in-
uence of weld modeling on ultimate strength and suggested

he FE simulation without the weld modeling because it gave
 lower ultimate strength than the experimental data. In their
nvestigation, the difference in the ultimate strength between
he joints with and without the weld was nearly 10%. Further-
ore, the difference in the load-displacement curve was found

o be less than 10%. Because the influence of weld modeling
n the joint strength is insignificant, the weld modeling was
ot included in the present research. For more information
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Fig. 3. (a) The first type of loading, and (b) The second type of loading. 
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bout the effects of the weld on the mechanical properties of
igh strength and ultra-high strength steel tubes in fabricated
ybrid sections, the reader is referred to Javidan et al. [41] .
 complementary discussion on the effect of the weld profile
as been provided in Section 2.6 . 

.3. Applied loads and mechanical boundary condition 

The chord ends fixity condition in tubular joints of off-
hore structures ranges from almost fixed to almost pinned
ith generally being closer to almost fixed [42] . In the view
f the fact the influence of the chord end restraints on the
tress distribution at the brace-to-chord intersection is only
otable for joints with α < 8 and high β and γ values [43,44] ,
hich do not generally observed practically. Both ends of

he chord were completely restrained. For more information
bout boundary condition at ambient temperature, the reader
s referred to Choo et al. [45] . Tan et al. [4] investigated
he influence of boundary condition on the ultimate load of
ubular T-joints at high temperatures. In spite of the fact that
hey found as the temperature becomes greater, the difference
etween pinned-end and fixed-end conditions increases, they
ventually suggested the fixed-end condition to display the
eal behavior of the joint. In the numerical model, for defin-
Fig. 4. Results of the mes
ng chord ends fixity condition, the nodes at both chord ends
ere selected, then all degrees of freedom of the selected
odes were constrained. 

Two different types of axial loading were applied to the
odels. The difference between them was the type of axial

oading applied on the vertical braces. The vertical braces are
ubjected to axial compressive and tensile load in the first
nd second types of loading, respectively ( Fig. 3 ). The names
ssigned to the braces are shown in Fig. 3 . The name of each
race indicates a combination of loading type, brace geom-
try, and applied load. For example, VBCF means vertical
race (VB) subjected to brace axial compression (C) under
he first type of loading (F) and DBTS means diagonal brace
DB) subjected to brace axial tension (T) under the second
ype of loading (S). 

To ensure that the stress at the brace-to-chord intersection
s not influenced by the chord end situation, a long-enough
hord that is greater than six times the chord diameter ( α

12) is utilized. In consequence, a value of α = 16 was
aken for all joint in the parametric investigation. The stress
istribution around the brace-to-chord intersection is not af-
ected by the length of the chord [25] . In the present work,
B was assumed to be 10. The ends of braces were assumed

o be free. Because of the symmetry in the geometry of the
h convergence study. 
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Fig. 5. FE mesh layout for half of an entire two-planar CHS KT-joint. 

Table 1 
Mesh convergence examination results. 

Case Mesh size (mm) Ultimate Strength (kN) Ultimate strength / Ultimate 
strength of case c 

Joint zone Outside the joint zone 

a 20 50 20.31 1.02 
b 15 45 20.02 1.01 
c 12 40 19.86 1.00 
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connection and anti-symmetry in loading condition, only one
fourth of the entire joint was modeled and appropriate sym-
metric/antisymmetric boundary conditions were defined on re-
spective symmetry/antisymmetry planes. 

2.4. Mesh convergence 

The FE ANSYS Ver. 17 [46] element type SOLID186 was
utilized to simulate the tubular joints at elevated temperatures.
SOLID186 element is described by 20 nodes having three
degrees of freedom for each node. To determine the most
appropriate mesh size for the analysis, a mesh convergence
investigation was performed. The same mesh size was then
applied to all models. The two-planar tubular KT-joint was
divided to two regions including joint zone and outside the
joint zone. Fig. 4 and Table 1 present the results of mesh sen-
sitivity investigation. It was concluded that the suitable mesh
izes were 15 and 45 mm for the joint zone and outside the
oint zone, respectively (Case b in Table 1 ). Fig. 5 demon-
trates the FE mesh layout for a sample two-planar KT-joint.

.5. Analysis 

The steady-state analysis was utilized in which the load
as applied to the joint at particular steady high temperature
p to the time that the failure happened. In this study, both
aterial and geometric nonlinearities were considered in FE

nalysis. FE model of the present study is not able to con-
ider the effect of fracture failure. For more information, the
eader is referred to Cofer and Will [47] , Dexter and Lee
48] , Qian et al. [49] , Ma et al. [50] , and Gu et al. [51] ,
mong others. In tubular joints under axial loading, the load-
isplacement curve usually grows to a maximum point and
hen decreases. In these cases, the typical procedures fail to
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Fig. 6. Comparing the load-ovalization curves of test specimens and FE mod- 
els (PT3). 

Fig. 7. Extension of Lu et al. [49] criterion to multi-planar joints by Forti 
et al. [9] . 
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Table 2 
Geometrical dimensions of the joints tested by Tan et al. [4] used for FE 

model verification. 

Joint name T ( °C) D (mm) T (mm) L (mm) d (mm) T (mm) l (mm) β ( d/D ) 

PT1 550 244.5 6.3 2200 195.6 6.3 1100 0.80 
20 

PT3 550 244.5 6.3 2200 168.7 6.3 1100 0.69 
700 

Table 3 
Results of the verification study. 

Joint name Temperature ( °C) Joint strength (kN) 

Present FE model Test [4] FE/Test 

PT1 550 217.94 217 1.004 
20 318.06 338 0.941 

PT3 550 174.31 175 0.996 
700 52.38 55 0.952 

Table 4 
Comparing the ultimate load of the joints with and without the weld model- 
ing. 

Joint name Temperature ( °C) Joint strength (kN) 

With weld 
modeling 

Without weld 
modeling 

Difference 
(%) 

PT1 550 228.01 217.94 4.62 
PT3 20 333.90 318.06 4.98 

550 178.23 174.31 2.25 
700 54.92 52.38 4.85 
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onverge. Furthermore, to overcome the numerical stability,
he arc-length method was utilized in the present work. For

ore information about the arc-length method, the reader is
eferred to Kohnke [52] . 

.6. Verification 

The precision of FE results for estimating the ultimate
trength of two-planar tubular KT-joints at elevated temper-
tures should be validated against experimental test data. It
hould be noted that no database of ultimate strength for two-
lanar tubular KT-joints under axial load at elevated tempera-
ures is available in the literature. Hence, the available exper-
mental test results of Tan et al. [4] at ambient and elevated
emperatures were used to validate the numerical modeling of
wo-planar tubular KT-joints under axial load at high temper-
ture. Geometrical parameters of the joints tested Tan et al.
4] have been given in Table 2 . 

Fig. 6 compares the load-displacement curves exerted from
he present FE analysis and the test data provided by Tan et al.
4] at ambient and elevated temperatures. As shown in Fig. 6 ,
here is a good agreement between the vertical displacement,
tiffness and ultimate strength extracted from experimental
esults of Tan et al. [4] and the predictions of the validat-
ng FE model. The values of the ultimate capacity achieved
rom numerical and experimental models are compared in
able 3 . Numerical results have a good agreement with the
xperimental data, with an average FE/test result ratio of 0.97
nd a standard deviation of 2.72%. From the results shown in
ig. 6 and Table 3 , it can be concluded that the developed FE
odel is capable of producing valid results with acceptable

ccuracy. 
As mentioned in Section 2.2 , the weld modeling was not

ncluded in the FE models of present research due to its in-
ignificant influence on the ultimate load. Table 4 compares
he values of ultimate load for the joints with and without the
eld modeling. It can been seen that the difference between

he strength values is less than 5% and hence the inclusion
f the weld profile is not necessary. 

. Effects of geometry and temperature on the static 
ehavior 

.1. Details of parametric investigation 

An extensive numerical investigation on two-planar tubu-
ar KT-joints was conducted to study the influence of ge-
metrical parameters and temperature on static behavior of
wo-planar KT-joints under axial loading at high temperatures.
ifferent values assigned to geometrical parameters ( Table 5 )

over the practical range of usage for these parameters typi-
ally found in tubular joints of offshore structures. Parametric
tudy included 540 FE analyses carried out on 54 two-planar
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Fig. 8. The influence of temperature on the static strength and initial stiffness of two-planar tubular KT-joints under the first type of loading. 

Table 5 
Values of dimensional and non-dimensional parameters for the parametric 
investigation. 

Parameter Expression Value(s) 

L Chord length 4 m 

D Chord diameter 0.5 m 

α 2 L / D 16 
αB 2 l / d 10 
β d / D 0.3, 0.45, 0.6 
γ D /2 T 10, 20, 30 
θ Brace-to-chord intersection angle 30 °, 45 °, 60 °
τ t / T 0.4, 1.0 
g Gap size 0.15 m 
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KT-joint configurations ( Table 6 ) at five different temperatures
(20, 200, 400, 550, and 700 °C). The 20 °C is ambient tem-
perature and the reasons for selecting the other values for the
temperature are as follows: At 200 °C, steel starts to lose its
nitial stiffness; at 400 °C, its yield strength starts to decrease,
nd there is no hardening on its plasticity; at 550 °C, there
re significant reductions in both yield strength and stiffness;
nd at 700 °C, steel almost entirely loses its strength [4] . 

.2. Failure criteria 

In order to determine the ultimate load, Lu et al. [53] pro-
osed a deformation limit of 0.03 D indentation of the chord
all (relative to the chord centerline). Forti et al. [9] extended

his deformation limit to multi-planar joints. The criterion was
iven by the relative displacement of diametrically opposed
odes divided by the chord diameter: 

 diametral = 

μ2 − μ1 

D 

(3)

here μ1 and μ2 are the horizontal displacement of nodes B
nd B’ or the vertical displacement of nodes A and A’ shown
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Fig. 9. The influence of temperature on the static strength and initial stiffness of two-planar tubular KT-joints under the second type of loading. 
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n Fig. 7 . The diametric deformation is limited to 0.03 D . Ul-
imate load is defined by the peak load or the load at the
eformation of 0.03 D in load-deformation curves whichever
s smaller. 

.3. The effect of the temperature on the ultimate strength 

nd initial stiffness 

Figs. 8 and 9 , as an example, show the load-deformation
urves for all of three braces in six two-planar KT-joints under
he first and the second types of loading, respectively. Loading
ypes and brace names have been described in Fig. 3 . It can
e seen that by increasing the temperature, both the initial
tiffness and ultimate load decrease for a two-planar KT-joint.
he average amounts of strength reduction under the first and
econd types of loading are tabulated in Table 7 . It can be
oncluded that the joint strength reduction under the first type
f loading is smaller than the corresponding value under the
econd type of loading. 

.4. The effect of the β on the ultimate strength and initial 
tiffness 

Results of investigating the effect of the β on the static
trength are presented in this section. The parameter β is the
atio of the brace diameter ( d ) to the chord diameter ( D ). To
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Fig. 10. The influence of the β on the ultimate load of two-planar tubular KT-joints at ambient and high temperatures under the first type of loading. 

Table 6 
Geometrical properties of two-planar KT-joint models considered for numerical parametric investigation. 

Joint name D (m) α β γ τ θ Joint name D (m) α β γ τ θ

DKT-1 0.5 16 0.3 10 0.4 30 ° DKT-28 0.5 16 0.45 20 1.0 45 °
DKT-2 0.5 16 0.3 10 1.0 30 ° DKT-29 0.5 16 0.45 30 0.4 45 °
DKT-3 0.5 16 0.3 20 0.4 30 ° DKT-30 0.5 16 0.45 30 1.0 45 °
DKT-4 0.5 16 0.3 20 1.0 30 ° DKT-31 0.5 16 0.45 10 0.4 60 °
DKT-5 0.5 16 0.3 30 0.4 30 ° DKT-32 0.5 16 0.45 10 1.0 60 °
DKT-6 0.5 16 0.3 30 1.0 30 ° DKT-33 0.5 16 0.45 20 0.4 60 °
DKT-7 0.5 16 0.3 10 0.4 45 ° DKT-34 0.5 16 0.45 20 1.0 60 °
DKT-8 0.5 16 0.3 10 1.0 45 ° DKT-35 0.5 16 0.45 30 0.4 60 °
DKT-9 0.5 16 0.3 20 0.4 45 ° DKT-36 0.5 16 0.45 30 1.0 60 °
DKT-10 0.5 16 0.3 20 1.0 45 ° DKT-37 0.5 16 0.6 10 0.4 30 °
DKT-11 0.5 16 0.3 30 0.4 45 ° DKT-38 0.5 16 0.6 10 1.0 30 °
DKT-12 0.5 16 0.3 30 1.0 45 ° DKT-39 0.5 16 0.6 20 0.4 30 °
DKT-13 0.5 16 0.3 10 0.4 60 ° DKT-40 0.5 16 0.6 20 1.0 30 °
DKT-14 0.5 16 0.3 10 1.0 60 ° DKT-41 0.5 16 0.6 30 0.4 30 °
DKT-15 0.5 16 0.3 20 0.4 60 ° DKT-42 0.5 16 0.6 30 1.0 30 °
DKT-16 0.5 16 0.3 20 1.0 60 ° DKT-43 0.5 16 0.6 10 0.4 45 °
DKT-17 0.5 16 0.3 30 0.4 60 ° DKT-44 0.5 16 0.6 10 1.0 45 °
DKT-18 0.5 16 0.3 30 1.0 60 ° DKT-45 0.5 16 0.6 20 0.4 45 °
DKT-19 0.5 16 0.45 10 0.4 30 ° DKT-46 0.5 16 0.6 20 1.0 45 °
DKT-20 0.5 16 0.45 10 1.0 30 ° DKT-47 0.5 16 0.6 30 0.4 45 °
DKT-21 0.5 16 0.45 20 0.4 30 ° DKT-48 0.5 16 0.6 30 1.0 45 °
DKT-22 0.5 16 0.45 20 1.0 30 ° DKT-49 0.5 16 0.6 10 0.4 60 °
DKT-23 0.5 16 0.45 30 0.4 30 ° DKT-50 0.5 16 0.6 10 1.0 60 °
DKT-24 0.5 16 0.45 30 1.0 30 ° DKT-51 0.5 16 0.6 20 0.4 60 °
DKT-25 0.5 16 0.45 10 0.4 45 ° DKT-52 0.5 16 0.6 20 1.0 60 °
DKT-26 0.5 16 0.45 10 1.0 45 ° DKT-53 0.5 16 0.6 30 0.4 60 °
DKT-27 0.5 16 0.45 20 0.4 45 ° DKT-54 0.5 16 0.6 30 1.0 60 °

Table 7 
The average joint bearing capacity reduction at different high temperatures. 

Temperature ( °C) R UT 

First type of loading Second type of loading 

20 1.00 1.00 
200 0.90 0.89 
400 0.70 0.67 
550 0.42 0.42 
700 0.14 0.13 

Note: R UT = the ratio of ultimate strength at elevated temperature to ultimate 
strength at ambient temperature. 
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study the influence of the β on the structural behavior, three
different values (0.3, 0.45, and 0.6) were designated to the β.
he increase of the β leads to the increase of the ultimate
oad at all temperatures ( Figs. 10 and 11 ). The reason is that
y increasing the β in a model having fixed value of the chord
iameter, the diameter of the brace member is increased; and
ubsequently the value of the ultimate load increases. It was
lso found that the increase of the β leads to the increase of
he joint’s initial stiffness at all temperatures under the second
ype of loading ( Fig. 12 ). The same trend was observed for
he joints under the first type of loading. 

.5. The effect of the γ on the ultimate strength and initial 
tiffness 

Six charts are presented in Figs. 13 and 14 showing the
hange of the ultimate strength due to the change of the γ
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Fig. 11. The influence of the β on the ultimate load of two-planar tubular KT-joints at ambient and high temperatures under the second type of loading. 

Fig. 12. The influence of the β on the initial stiffness of two-planar tubular KT-joints under the second type of loading ( γ = 10, τ = 1.0, θ = 45 °): (a) 20 °C, 
(b) 200 °C, (c) 400 °C, (d) 550 °C, (e) 700 °C. 



362 N. Azari-Dodaran and H. Ahmadi / Journal of Ocean Engineering and Science 4 (2019) 352–372 

Fig. 13. The influence of the γ on the ultimate load of two-planar tubular KT-joints at ambient and high temperatures under the first type of loading. 

Fig. 14. The influence of the γ on the ultimate load of two-planar tubular KT-joints at ambient and high temperatures under the second type of loading. 

Fig. 15. Relative ultimate load of two-planar tubular KT-joints with different values of the γ under the second type of loading at ambient and high temperatures. 
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under the first and second type of loading, respectively. It can
be observed that at all temperatures, the value of the ultimate
strength decreases by increasing the γ ; and the amount of the
strength reduction from the joints with γ = 10 to the joints
with γ = 20 is bigger than the strength reduction from γ = 20
to γ = 30. 

In Fig. 15 , the ultimate strength is non-dimensionalized
with respect to the ultimate strength of the case with γ = 10
t different temperatures under the second type of loading.
t can be seen that the influence of the γ on the ulti-
ate strength is independent from the temperature. The same

rend was observed for the joints under the second type of
oading. 

Five charts are presented in Fig. 16 indicating the effect of
he γ on the initial stiffness under the first type of loading.
t can be seen that by increasing the γ , the initial stiffness
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Fig. 16. The influence of γ on the initial stiffness of two-planar tubular KT-joints under the first type of loading ( β = 0.3, τ = 1.0, θ = 45 °): (a) 20 °C, (b) 
200 °C, (c) 400 °C, (d) 550 °C, (e) 700 °C. 
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ecreases at all temperatures. The same trend was observed
or the joints under the second type of loading. 

.6. The influence of the θ on the ultimate load and initial 
tiffness 

For investigating the influence of the brace inclination an-
le ( θ ), three different values (30 °, 45 ° and 60 °) were picked
or the θ . The θ has no considerable influence on the static
oad ( Figs. 17 and 18 ). It can also be said that temperature
as no effect over the influence of the θ on the ultimate load
 Fig. 19 ). There is no significant difference among the values
f the initial stiffness in models having different values of the
under the first type of loading ( Fig. 20 ). The same trend
as observed for the joints under the second type of loading.

.7. The influence of the τ on the ultimate load and initial 
tiffness 

If the γ remains constant, the increase of the τ ( = t / T )
n a model with fixed chord thickness leads to the increase
f the brace thickness which consequently results in bigger
alues of the ultimate load. As it was expected, the ultimate
oad increases with the increase of the τ ( Figs. 21 and 22 ).
ig. 23 depicts the influence of the τ on the initial stiffness at
0 °C, 200 °C, 400 °C, 550 °C, and 700 °C under the second
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Fig. 17. The influence of θ on the ultimate load of two-planar tubular KT-joints at ambient and high temperatures under the first type of loading. 

Fig. 18. The influence of θ on the ultimate load of two-planar tubular KT-joints at ambient and high temperatures under the second type of loading. 

Fig. 19. Relative ultimate load of two-planar tubular KT-joints with different values of the θ at high temperatures under the first type of loading. 
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type of loading. As can be seen, increasing the τ has no
significant effect on initial stiffness. The same results were
observed for the joints under the first type of loading. 

3.8. The influence of the geometrical parameters on failure 
modes of two-planar KT-joints 

The geometrical parameters affect the failure mode of two-
planar tubular KT-joints. In the present investigation, three
ypes of failure mode were observed including chord wall
lastification, brace local buckling, and combined chord wall
lastification and brace local buckling. The most common
ype of failure mode as shown in Fig. 24 is wall plasti-
cation around the brace-to-chord intersection. The second

ype of failure mode is the brace local buckling that seen
ore in the joints with relatively small β and τ ( Fig. 25 ).
nother failure mode that was only observed in nearly
5% of the joints under the second type of loading is the
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Fig. 20. The effect of θ on the initial stiffness of two-planar tubular KT-joints under the first type of loading ( β = 0.3, τ = 1.0, γ = 10): (a) 20 °C, (b) 200 °C, 
(c) 400 °C, (d) 550 °C, (e) 700 °C. 

Fig. 21. The influence of the τ on the ultimate load of two-planar tubular KK-joints at ambient and high temperatures under the first type of loading. 
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ombination of wall plastification and brace local buckling.
ables 8 and 9 summarize the results of the effect of the
eometrical parameters on the type of failure modes for two-
lanar KT-joints under the first and second types of loading,
espectively. 
.9. The influence of the multi-planarity on the ultimate load

Table 10 , as an example, compares the ultimate load values
f three uniplanar and two-planar KT-joints with the same ge-
metrical parameters under both studied load cases. As it can
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Fig. 22. The influence of the τ on the ultimate load of two-planar tubular KK-joints at ambient and high temperatures under the second type of loading. 

Fig. 23. The influence of the τ on the initial stiffness of two-planar tubular KT-joints under the second type of loading ( β = 0.6, θ = 30 °, γ = 30): (a) 20 °C, 
(b) 200 °C, (c) 400 °C, (d) 550 °C, (e) 700 °C. 
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Fig. 24. Failure mode A : Chord wall plastification (Scale factor: 5). 

Fig. 25. Failure mode B : Brace local buckling (Scale factor: 5). 
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Table 8 
The effect of the geometrical parameters on failure modes of two-planar 
KT-joints under the first type of loading. 

β θ γ τ = 0.4 τ = 1.0 

0.3 30 ° 10 & 20 Mode B Mode A 

30 Mode A Mode A 

45 ° 10 Mode B Mode A 

20 & 30 Mode A Mode A 

60 ° 10 Mode B Mode A 

20 & 30 Mode A Mode A 

0.45 & 0.6 30 ° 10 Mode B Mode A 

20 & 30 Mode A Mode A 

45 ° & 60 ° all Mode A Mode A 

Table 9 
The effect of the geometrical parameters on failure modes of two-planar 
KT-joints under the second type of loading. 

β θ γ τ = 0.4 τ = 1.0 

0.3 30 ° all Mode B Mode A 

45 ° & 60 ° 10 & 20 Mode B Mode A 

30 Mode B Mode B 

0.45 30 ° 10 & 20 Mode B Mode A 

30 Mode AB Mode A 

45 ° 10 Mode B Mode A 

20 Mode AB Mode A 

30 Mode AB Mode AB 

60 ° 10 & 20 Mode AB Mode A 

30 Mode AB Mode AB 

0.6 30 ° all Mode A Mode A 

45 ° & 60 ° 10 Mode A Mode A 

20 Mode AB Mode A 

30 Mode AB Mode AB 
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e seen, there are significant differences between the ultimate
oad values in uniplanar KT-joints and the corresponding val-
es in two-planar connections. Hence, it can be said that the
ulti-planarity has remarkable effect on the ultimate strength

f the KT-joint. 
Table 10 
Comparison of the ultimate load between uniplanar and 

Joint name T ( °C) Type of loading Ultimate lo

Uniplanar 

DKT-16 550 First 188.83 
DKT-16 550 Second 269.15 
DKT-22 700 First 91.99 
DKT-22 700 Second 67.13 
DKT-48 400 First 330.76 
DKT-48 400 Second 396.04 
. Derivation of parametric equations for the prediction 

f the ultimate strength 

Using FE analysis for estimating the ultimate strength of
wo-planar tubular KT-joints is a time consuming process. In
ontrast, parametric equations presenting the ultimate strength
s a function of dimensionless geometrical parameters can be
uite useful for design purposes. Until now, no design equa-
ion has been proposed for calculating the ultimate strength of
wo-planar tubular KT-joints under axial loading at elevated
emperatures. 

For each failure mode, the FE database was divided into
wo sets: a training dataset and a testing dataset. Nearly 90%
f the whole FE data was implemented for the training, i.e.
two-planar KT-joints. 

ad (kN) Ultimate Strength (two-planar) 
/Ultimate Strength (uniplanar) 

Two-planar 

142.09 0.75 
239.16 0.89 
123.50 1.34 
78.76 1.17 
474.54 1.43 
458.08 1.16 
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Fig. 26. Comparison of the ultimate strength predicted by the proposed equations with the corresponding training data extracted from FE analyses (the first 
type of loading): (a) Eq. (4) , (b) Eq. (5) . 

Fig. 27. Comparison of the ultimate strength predicted by the proposed equations with the corresponding training data extracted from FE analyses (the second 
type of loading): (a) Eq. (7) , (b) Eq. (8) , and (c) Eq. (9) . 
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Fig. 28. Comparison of the ultimate strength predicted by the proposed equations with the corresponding test data extracted from FE analyses (the first type 
of loading): (a) Eq. (4) , (b) Eq. (5) . 
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eveloping the equations, and the remaining data was used for
esting the validity of developed equations. After performing a
arge number of nonlinear analyses by using training dataset,
ollowing parametric equations were established for calculat-
ng the ultimate strength of two-planar KT-joints at high tem-
erature under two types of loading. For each failure mode,
n individual equation was developed. The ultimate strength
f the joint is the minimum value between the strength values
btained for different failure modes. 

The ultimate strength of two-planar KT-joint under the first
ype of loading: 

(I) Failure mode A: Chord wall plastification 

F uA = 1 . 604 A f y 
(−0. 463 + 3 . 041 K yT 

1 . 046 
)

. 
(
1 . 877 + 1 . 904 K ET 

−1 . 065 
)
. 
(
1 . 371 + 2. 607 K pT 

1 . 250 
)

. 
(
1 . 982 − 1 . 785 β3 . 240 

)
. 
(
2. 601 − 2. 586 γ 0. 001 

)

. 
(−2. 149 + 2. 248 θ−0. 015 

)
. 
(
1 . 714 + 2. 297 τ−1 . 228 

)

R 

2 = 0. 963 (4) 

(II) Failure mode B: Brace local buckling 

F uB = 1 . 777 A f y 
(
3 . 216 − 0. 120 K yT 

4. 468 
)

. 
(
0. 366 + 3 . 587 K ET 

1 . 426 
)
. 
(
2. 405 + 2. 050 K pT 

−0. 127 
)

. 
(−2. 100 + 2. 245 β−0. 033 

)
. 
(
2. 211 − 2. 198 γ 0. 001 

)

. 
(
2. 927 + 1 . 215 ×10 −5 θ−15 . 552 

)
. 
(
2. 490−1 . 386 τ 2. 941 

)

R 

2 = 0. 990 (5) 

F = min { F , F } (6) 
u uA uB 
The ultimate strength of two-planar KT-joint under the sec-
nd type of loading: 

(I) Failure mode A: Chord wall plastification 

F uA = 1 . 977 A f y 
(
4. 261 + 0. 048 K yT 

16 . 032 
)

. 
(
1 . 415 + 4. 040 K ET 

1 . 552 
)
. 
(
3 . 610 − 0. 090 K pT 

−1 . 212 
)

. 
(
2. 682 − 2. 540 β0. 116 

)
. 
(
2. 325 − 2. 289 γ 0. 002 

)

. 
(−2. 870 + 3 . 026 θ−0. 015 

)
. 
(
3 . 424 − 1 . 964 τ 5 . 445 

)

R 

2 = 0. 962 (7) 

(II) Failure mode B: Brace local buckling 

F uB = 1 . 042 A f y 
(−0. 497 − 0. 564 K yT 

0. 308 
)

. 
(−0. 044 + 0. 632 K ET 

0. 612 
)
. 
(
1 . 173 + 0. 905 K pT 

0. 254 
)

. 
(
1 . 707 + 0. 959 β−0. 456 

)
. 
(

35 . 208 − 0. 050 γ 1 . 558 
)

. 
(
0. 855 − 0. 856 θ−0. 0005 

)
. 
(
0. 691 + 1 . 123 τ−1 . 379 

)

R 

2 = 0. 961 (8) 

III) Failure mode AB: The combination of wall plastifica-
tion and brace local buckling 

F uAB = 1 . 566 A f y 
(
3 . 649 − 0. 153 K yT 

−1 . 551 
)

. 
(
0. 719 + 2. 922 K ET 

1 . 366 
)
. 
(
0. 685 + 3 . 321 K pT 

0. 069 
)

. 
(
1 . 195 + 3 . 710 β−0. 135 

)
. 
(
1 . 741 − 1 . 705 γ 0. 005 

)

. 
(
1 . 948 − 1 . 937 θ0. 007 

)
. 
(
1 . 598 + 2. 511 τ−1 . 270 

)

R 

2 = 0. 996 (9) 

F = min { F , F , F } (10) 
u uA uB uAB 
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Fig. 29. Comparison of the ultimate strength predicted by the proposed equations with the corresponding test data extracted from FE analyses (the second 
type of loading): (a) Eq. (7) , (b) Eq. (8) , and (c) Eq. (9) . 
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In above equations, F u is the ultimate strength of two-
planar KT-joint; A is the cross section area of the brace
(i.e. A = π( d 

2 − ( d − 2t ) 2 ) / 4); k yT is the ratio of effective
yield stress at elevated temperatures to the yield stress at
20 °C ( k yT = f yT / f y ); k ET is the ratio of Young’s modulus
at elevated temperatures to the Young’s modulus at 20 °C
( k ET = E aT / E a ) ; and k PT is the ratio of the proportional
limit at elevated temperatures to the yield stress at 20 °C
( k PT = f PT / f y ). 

The parameter θ should be specified in radians; and R 

2 rep-
resents the coefficient of determination. The values obtained
for R 

2 are quite high. The validity ranges of non-dimensional
geometrical parameters for the proposed formulas are as

follows: s  
30 

◦ ≤ θ ≤ 60 

◦

0. 3 ≤ β ≤ 0. 6 

10 ≤ γ ≤ 30 

0. 4 ≤ τ ≤ 1 . 0 (11)

Figs. 26 −29 show that there is a good agreement between
he results of proposed equations and numerically computed
ltimate strength for both training and testing datasets. 

The UK Department of Energy [54] proposes a set of as-
essment criteria concerning the applicability of the paramet-
ic formulas. Detailed description of these criteria has been
resented and discussed by Azari Dodaran et al. [22,23] . Re-
ults of equation assessments based on both training and test-
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Table 11 
Evaluation of proposed formulas based on the training data set using the UK 

Department of Energy [50] criteria. 

Equation UK DoE conditions Decision 

% P / R < 0.8 % P / R > 1.5 

Eq. (4) 4.55% ≤5% OK. 0.45% ≤50% OK. Accpet 
Eq. (5) 5% ≤5% OK. 0% ≤50% OK. Accpet 
Eq. (7) 5.13% ≤5% OK. 0% ≤50% OK. Accpet 
Eq. (8) 1.59% ≤5% OK. 0% ≤50% OK. Accpet 
Eq. (9) 0% ≤5% OK. 0% ≤50% OK. Accpet 

Table 12 
Evaluation of proposed formulas based on the testing data set using the UK 

Department of Energy [50] criteria. 

Equation UK DoE conditions Decision 

% P / R < 0.8 % P / R > 1.5 

Eq. (4) 0% ≤5% OK. 0% ≤50% OK. Accpet 
Eq. (5) 0% ≤5% OK. 0% ≤50% OK. Accpet 
Eq. (7) 0% ≤5% OK. 0% ≤50% OK. Accpet 
Eq. (8) 0% ≤5% OK. 0% ≤50% OK. Accpet 
Eq. (9) 0% ≤5% OK. 0% ≤50% OK. Accpet 
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ng datasets are presented in Tables 11 and 12 . It can be
oncluded that all of proposed equations satisfy the UK DoE
riteria and hence can reliably be used for design purposes. 

. Conclusions 

A total of 540 nonlinear FE analyses were performed on
4 models of two-planar CHS KT-joints subjected to two
ypes of axial loading at five different temperatures (20 °C,
00 °C, 400 °C, 550 °C, and 700 °C). The main objective was
o study the influence of temperature and dimensionless ge-
metrical parameters ( β, γ , θ , and τ ) on the ultimate load,
ailure modes, and initial stiffness of the two-planar KT-joints.
 set of design equations was also developed, through non-

inear regression analyses, to calculate the ultimate load of
wo-planar KT-joints subjected to two types of axial loading
t elevated temperatures. Results of the present research can
e summarized as follows: 

The ultimate load of a two-planar tubular KT-joint under
he first type of loading at 200 °C, 400 °C, 550 °C, and 700 °C
s, on average, 0.90, 0.70, 0.42, and 0.14 of the joint’s ulti-
ate load at ambient temperature, respectively. This means

hat by increasing the temperature, the reduction of the ulti-
ate strength is 11.11%, 42.86%, 138.10%, and 614.29% at

00 °C, 400 °C, 550 °C, and 700 °C, respectively. The corre-
ponding values for the joints under the second type of load-
ng are 12.36%, 49.25%, 138.19%, and 669.236% at 200 °C,
00 °C, 550 °C, and 700 °C, respectively. These major num-
ers indicate that the strength reduction in two-planar KT-
oints due to the elevated temperatures should not be disre-
arded especially for the temperatures beyond 400 °C. The
eduction of ultimate load of the joints under the first type of
oading is smaller than the corresponding values of the joints
nder the second type of loading. 
Considerably high values achieved for the coefficients of
etermination and the satisfaction of the acceptance criteria
ecommended by the UK DoE guarantee the accuracy of the
roposed equations. Therefore, these formulas can be reliably
pplied for the design of tubular structures. 
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